. Biochemical resolution of this through transitional elements of the ER (ER/TE) that face the cis system has shown that pure coatomer complex and the pole of the Golgi complex (Go). The trans pole of the latter faces small GTPase, ARF, and nucleotide were sufficient to the plasma membrane (PM). Transport vesicle buds are seen from collect VSV G into buds and vesicles from isolated Golgi the nuclear envelope (arrowheads), from the transitional element of membranes (Ostermann et al., 1993) . The COPI-coated the ER (bold arrow), and from the lateral rim of Golgi cisternae (thin vesicles were interpreted as being functional largely bearrows). Nu, nucleus. Scale bar represents 200 nm. (Micrograph courtesy of Lelio Orci.) cause their VSV G protein cargo was transferred in vitro vesicle hypothesis, the role of coatomer in the cell-free system and in intact cells has enjoyed more than the usual level of scrutiny. Numerous questions have been raised, some of which have been discussed previously (Mellman and Simons, 1992) . The major new alternative, that coatomer serves an essential and possibly exclusive role in retrieval from the Golgi back to the ER, is particularly compelling.
COPI and retrograde transport first emerged as an attractive hypothesis with the observation that coatomer mutations in yeast block retrieval from the Golgi complex of resident ER membrane proteins (Letourneur et al., 1994) . Retrieval of escaped ER proteins and recycling of vesicle targeting proteins (v-SNARES) is, of course, essential to the ongoing activities of a vesicular transport pathway. Thus, mutations that block retrograde transport would be expected to indirectly but inevitably shut down secretion. From this perspective, any inhibitor of coatomer function (e.g., BFA, antibodies, or lethal mutations) would block anterograde transport even if the effect is exclusively on retrieval (Gaynor and Emr, 1997) . Indeed, the existence of COPII, whose only function seems to be anterograde vesicular transport of cargo from the ER to Golgi, could be interpreted to mean that COPI existed primarily, if not exclusively, for retrograde transport.
Anterograde Transport without Vesicles?
If COPI is utilized uniquely for retrograde transport, how Lelio Orci.) and proceeded with normal efficiency even in the absence of ARF and therefore in the absence of assembled COPI complexes (Taylor et al., 1994) . Since BFA induces glycosyltransferases and the viral glycoprotein suba dramatic degree of tubule extension from cisternal strate, giving the appearance of a signal in the transport membranes, the idea emerged that vesicle-independent reaction independent of COPI vesicle formation. forward transport might occur via regulated tubule for-A second model of anterograde flow within the Golgi mation, resulting in transient intercisternal connections. complex suggests that each cisterna is formed by the The gating of such tubules could account for unidirecfusion of ER-derived transport vesicles and then mational progression of cargo. Intercisternal connections tures by progressive migration in the trans direction and tubules can be observed even in the untreated (Schnepf, 1993) . Each cisterna would acquire a new Golgi, both by thin-section electron microscopy and by set of Golgi maturation enzymes (glycosyl trimming and video microscopy of living cells. However, such connectransfer, sulfation, and proteolytic maturation) by COPItions are observed infrequently, relative to the number mediated retrieval from a distal compartment. The size of buds and vesicles that congregate around the dilated of the stack may be maintained by a balance in the cisternal rims of a Golgi stack. Tubules have even been consumption of trans-most and formation of cis-most reported to connect the ER and cis Golgi, and yet, at cisternae. Chief among the virtues of this model are that least at this stage in the pathway, there seems to be little no distinction need be made between anterograde and dispute thus far that COPII vesicles mediate anterograde retrograde vesicles; no anterograde fusion is called for; transport from the ER.
and large particles, possibly exceeding the inclusion In the context of the cell-free system, it is easy to see limit of a transport vesicle, would be swept along at the that an imbalance in coatomer or ARF could lead to pace of cisternal migration. unprogrammed fusion between neighboring Golgi cisAlthough the idea of cisternal progression and matuternae. Fusogenic proteins are probably regulated to ration first emerged in morphological inspection of tradipromote only appropriate membrane encounters. Pertional secretory systems, its clearest support has come haps the fusogens become activated and then sequesfrom the analysis of cell wall scale production in several tered by a coated surface or bud. BFA or any of the algal species (Melkonian et al., 1991) . Scales are assemcoat inhibitors may create unnatural interactions that bled within Golgi cisternae, typically first appearing near lead to illegitimate fusion events. A breach in the normal but not directly within this cis-most cisternae. The structures consist largely of polysaccharide ‫%09ف(‬ by mass) compartmental boundary would lead to intermixing of that seems to mature in the trans direction. Some scales or other functional property, that would allow the same are much too large to be accommodated within normal coat protein complex to form vesicles capable of moving Golgi-associated transport vesicles; others (20-50 nm in opposite directions. Nevertheless, Orci et al. have in diameter), however, clearly could but nevertheless directly raised an attractive possibility: that COPI vesiseem not to be. Exocytosis of each completed scale cles are responsible for bidirectional transport. occurs by direct fusion of a trans Golgi saccule to the What do these new observations say about the alterplasma membrane. In its earliest formulation, the probnative modes of anterograde transport? Although translem with this model was how to explain the regionalized port through tubules and transport by cisternal progreslocalization of Golgi resident proteins necessary to masion remain viable options, the justification for these ture the scales or typical secretory product. The possiviews has always been based on negative evidence: the bility that COPI vesicles may act continually to retrieve failure to detect transport intermediates in vesicles. One resident Golgi enzymes of the cis and medial Golgi as assumes with no direct evidence that large particles they "progress" along with cisternae toward the trans such as algal scales, rigid polymers of collagen, casein face of the stack has made cisternal progression a popumicelles, lipoproteins, or enveloped virus cannot be aclar model (Harris and Waters, 1996) . It is one that is commodated within the usual transport vesicle. If so, consistent with virtually all of the available genetic and then how are we to explain the vesicular transport of biochemical evidence, the major problem being, howtheir precursors from the ER, a process that most now ever, that evidence for cisternal progression remains agree is accomplished by COPII, the cousin of COPI? indirect.
Two examples illustrate the limitations of the size exGiven the possibilities of tubular connections among clusion argument as it applies to the vesicular transport Golgi cisterna, cisternal progression and maturation, of large particles. Very low density lipoprotein particles and COPI vesicle-mediated recycling of resident Golgi (30-80 nm) made in the liver are assembled, in part, proteins, many investigators have been willing to disduring translation and translocation of ApoB in the rough miss the original observations of anterograde VSV G ER. Mature particles are first detected in the smooth ER transport within COPI vesicles as some kind of in vitro in regions of transition to the Golgi (Claude, 1970) . Large artifact.
accumulations of very low density lipoprotein particles Anterograde and Retrograde COPI Vesicles?
concentrate at the dilated rims of Golgi cisternae prior The work of Orci et al. (1997) provides a potential way to their capture in mature secretory granules. This patout of the dilemma by reconciling the original idea that tern of transport is recapitulated in the synthesis and anterograde transport across the Golgi stack is meditransport of chylomicrons (l80-500 nm in diameter) ated by COPI-coated vesicles with the more recent idea within absorptive epithelial cells of the intestine (Sabesin that COPI mediates retrograde traffic. Using both immuand Frase, 1977) . Although a detailed analysis of the nocytochemical and biochemical approaches, Orci et transit of these large lipoproteins within the Golgi comal. provide data suggesting that COPI may be involved plex has not been conducted, it is clear that some form in vesicular transport in both directions. Their work preof traffic, almost certainly vesicular, mediates their transents evidence for two distinct populations of Golgisit from the ER to cis Golgi. In addition, large viral partiassociated COPI vesicles in pancreatic ␤ cells: one containing the secretory marker protein, proinsulin, and the cles (herpes virus and vaccinia virus, with diameters of other containing the KDEL retrieval receptor, Erd2. Al-120-600 nm) may either bud directly into the trans Golgi though vesicles in cells do not come addressed with network or disrupt the cisternal organization of the stack arrows, it seems likely that proinsulin marks a population (Schmelz et al., 1994) . In any event, a size restriction of anterograde transport vesicles in transit along the would apply only if coat proteins responsible for budding Golgi stack and that Erd2 reflects the population of retrowere incapable of accommodating the geometry of a grade vesicles retrieving resident Golgi proteins to proxlarger than normal particle. At least in the case of imal cisternae. Additional data from the in vitro transport clathrin-mediated endocytosis, particles as large as hersystem suggest that two populations of COPI vesicles pes virus can be enclosed within coated pits and coated are formed, only one of which can be perturbed by the vesicles that are two times their normal diameter, and addition of bivalent antibody directed against the cytoeven larger for particles that induce phagocytosis. plasmic tail of VSV G protein. The existence of two popuTherefore, the size limit argument may not be useful. lations of COPI vesicles may in part explain the apparent What Now? coincidence of Golgi resident proteins and VSV G in
The new immunocytochemical observations of Orci et enriched COPI vesicles described previously (Osteral. (1997) raise the standard of analysis in this field. mann et al., 1993) .
Is the case closed on vesicles versus tubules versus The data presented by Orci et al. (1997) are limited in maturing cisternae? Probably not! The age distribution some respects. For example, equal amounts of Erd2 of investigators in this field ensures that many more must be included in the anterograde transport system years of effort will be devoted to discriminating the variin order for it to appear in retrograde vesicles, so a ous contending models of protein transport. complete segregation of Erd2 from an anterograde At this juncture it seems worthwhile to raise several marker might not have been expected a priori. We must very specific questions that are within experimental also assume that the bulk of proinsulin proceeds unidigrasp and that may help ultimately to solve the mecharectionally across the stack toward forming secretory nism of transport across the Golgi. granules, where it is cleaved (yielding insulin) and thus First, providing direct and definitive proof in favor of no longer detected by the antibody used for these studies. In addition, there must be some difference, in sorting the cisternal progression or the COPI vesicle-mediated in only a single cisterna and then to turn off scale synthe- Schnepf, E. (1993) . Protoplasma 172, [3] [4] [5] [6] [7] [8] [9] [10] [11] sis and assay by electron microscopy whether it proTaylor, T., Kanstein, M., Weidman, P., and Melancon, P. (1994) . Mol.
gressed to medial and then to trans cisternae. Biol. Cell 5, [237] [238] [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] [251] [252] Second, what is the role of coat proteins in the secretion of large particles? Quantitative immunocytochemical analysis may be used to inspect the localization of COPI and COPII subunits on membranes engaged in the maturation of particles such as lipoproteins, algal scales, and polymers of collagen. COPII, which is involved exclusively in vesicular anterograde transport, will be required for transport of particles from the ER unless some other mode of traffic is possible. Lipoprotein-secreting cells transfected with a dominant mutant form of Sar1p, the GTPase employed to nucleate COPII assembly, may be used to test this possibility.
Third, are there Golgi SNARE molecules exclusively involved in anterograde transport? Only the tubule and vesicle hypotheses invoke specific fusion events in the transmission of cargo molecules from cis to trans in the Golgi complex. Among SNAREs predicted from the sequence of the yeast genome, one or more may be found within the Golgi complex and function in anterograde traffic. For example, will distinct populations of COPI vesicles contain anterograde-and retrogradedirected SNARE molecules?
Once completed, experiments such as we suggest may do nothing more than demonstrate that transport through the Golgi stack makes use of both anterograde vesicular traffic and cisternal progression, perhaps at two decidedly different rates. In any case, the field of protein transport will have progressed in the anterograde direction.
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